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ABSTRACT

OXYCONFORMITY IN BURROW-DWELLING CRUSTACEANS:
AEROBIC METABOLISM OF
HEMISQUILLA ENSIGERA CALIFORNIENSIS

by
Leandra Peters

Hemisquilla ensigera califomiensis is an active burrow-dwelling stomatopod

crustacean common off the coast of Southern California (Basch and Engle, 1989). In this
experiment I measured the typical burrow oxygen level, time taken to deplete the oxygen
in an inhabited, capped burrow, and tested the hypothesis that H. ensigera, like other
burrow dwellers that have been examined, is an oxyregulator; and that like crustaceans in
general, they have only limited anaerobic capabilities. Contrary to expectations, I found
that H. ensigera is an oxyconformer or at best a weak oxyregulator, and that the species
has substantial anaerobic capacity. Since it was able to survive at least 52 hours of
anoxia, it ranks among the crustaceans which have the longest anaerobic survival times.

1

INTRODUCTION

The catabolic liberation of energy from food depends mainly on oxidative
processes. Typically this oxidation is complete, involving the Kreb's cycle and electron
transport system, and uses molecular oxygen as the final electron acceptor. In aerobic
metabolism, 36 ATP molecules per glucose molecule are produced and the end-products
consist of carbon dioxide and water. This process is so efficient and ubiquitous that all
metazoans use oxygen if it is available.
In some circumstances, however, access to environmental oxygen is inadequate to
support metabolism. In these situations anaerobic metabolism, which is considerably less
efficient, is utilized. In the classical anaerobic pathway, at the end of glycolysis pyruvate
is converted to lactate yielding 2 ATP, which represents only 5-6% of the energy
available via aerobic means. Crustaceans typically have only moderate anaerobic
capacity due to the low efficiency of anaerobic energy production and the toxicity of
accumulated lactate which interferes with normal cellular function (Zebe, 1991; Hervant
et al., 1996).
Members of a number of invertebrate phyla, such as Cnidaria, Mollusca, Annelida
and Sipunculida, exploit alternative metabolic pathways during anaerobic conditions
(De Zwaan and Putzer, 1985). These pathways synthesize more than two ATP per
glucose and produce end-products less toxic than lactate (De Zwaan and Putzer, 1985).
Crustaceans, however, appear to have no alternative anaerobic pathways, although a few
studies suggest that another pathway may be involved in some species (Pritchard and
Eddy, 1979; Hervant et al., 1996). For crustaceans in general, however, anaerobic
2
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metabolism consists primarily of glycolysis and the production of lactate (Zebe, 1991;
Hervant et al., 1996).
Exposure to hypoxic or anoxic conditions is more common among aquatic taxa
than among air breathing species due to the much lower oxygen concentration and slower
diffusion of oxygen in water. For example, there are 210 ml of oxygen in one liter of air,
but only about 5.5 ml oxygen per liter of air-saturated sea-water at 20°C, a level only onethirtieth that of air. The limited circulation in a burrow, combined with the substantial
oxygen uptake and sulfide production by microorganisms in most marine sediments,
mean that burrow dwellers often face acute oxygen limitation (Hervant et al., 1996).
Crustacean burrow dwellers exhibit both behavioral and physiological strategies
for coping with low oxygen. Ventilation of the burrow by beating the pleopods when the
animal is positioned properly maximizes the inflow of oxygenated water (Farley and
Case, 1968; Gamble, 1970; Torres et al., 1977; Felder, 1979; Zebe, 1991; Forster and
Graf, 1995). Burrowing species may also stay close to the burrow entrance, maximizing
their exposure to the oxygenated water outside and increasing the potential for the inflow
of oxygenated water into the burrow. Pleopod beating at the burrow entrance dissolves
more oxygen into the burrow water at low tide and reduces potentially harmful
concentrations of ammonia or sulfide (Forster and Graf, 1995). Commonly, burrowdwelling crustaceans also decrease their activity in the face of low environmental oxygen
(Farley and Case, 1968; De Zwaan and Putzer, 1985; Zebe, 1991; Hervant et al., 1996).
There are two major types of physiological responses to low oxygen:
oxyconformity and oxyregulation. Oxyconformity is the decrease in rate of oxygen
uptake as the partial pressure of oxygen decreases. Oxyconforming species are limited in
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their ability to extract oxygen from the water as conditions become more hypoxic,
resulting in decreased aerobic metabolism and increased reliance on anaerobic pathways
(Clegg, 1993; Hervant et al., 1996).
Species using oxyregulation, in contrast, maintain a fairly constant rate of oxygen
removal despite the variation in environmental oxygen tension. This is accomplished by
a variety of mechanical and physiological means, such as an increase in rate of gill
ventilation and a thin diffusion distance across the gill integument. The net result of
oxyregulation is that the animal is able to obtain enough oxygen to support normal
activity and metabolic processes even in conditions of low oxygen.
Other strategies employed by oxyregulating species to sustain delivery of oxygen
to the tissues include the use of respiratory pigments for oxygen storage and respiratory
pigments with high oxygen affinities (Innes, 1985). If all these adaptive oxygenation
strategies fail, then the animal resorts to anaerobic metabolism or dies.
Hemisquilla ensigera californiensis (Owen, 1832) is a burrow-dwelling mantis
shrimp living off the Southern California coast (Fig. 1), and ranges south to Panama. As
a raptorial predator, it displays bursts of activity during prey capture. It also maintains a
relatively constant level of activity in the burrow (Cassista, 1995). A crepuscular species,
it is mainly active at dusk and dawn. These crustaceans often cap their blind-ended
burrows, remaining inside for extended periods (Basch and Engle, 1989; Cassista, 1995).
The sediment typical of their habitat is silty-sand so there is no positive contribution to
oxygen level by the interstitial waters. The active lifestyle of H. ensigera along with its
burrow-dwelling habits suggest that it may be a strong oxyregulator, as are most other
aquatic burrow-dwelling crustaceans (Thompson and Pritchard, 1969).

5
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In this study I measured ambient oxygen levels within simulated burrows as well
as the rate of oxygen depletion from capped, inhabited burrows. I also measured the
overall metabolic rate of H. ensigera and its physiological response to low oxygen levels.
These experiments tested the hypothesis that H. ensigera encounters low oxygen in the
burrow but maintains its activity within the burrow by being a strong oxyregulator.

MATERIALS AND METHODS

Eight specimens of the mantis shrimp Hemisquilla ensigera californiensis (20155 g) were hand-collected by scuba from burrows at a depth of 80 feet off the Palos
Verdes peninsula, California, during the months of May to September, by a commercial
collector. The mantis shrimp were transported in aerated containers to the laboratory.
Upon arrival at the laboratory they were placed into a recirculating seawater (250-300 L)
aquarium. PVC tubes (7 cm diameter) were placed in the aquarium to provide simulated
burrows.
While in the laboratory, the mantis shrimp were fed small pieces of salmon and
squid 2-3 times a week. All uneaten remains of food were removed from the aquarium
within one day after each feeding.
Water salinity was tested, using a refractometer, two to three times a week. When
the salinity was greater than 35%0, deionized water was added to the sea-water in the
tanks. The pH was regulated by passing water over crushed coral. Biochem Beads®
(containing Nitrosomomas and Nitrobacter) were added to the water to control ammonia
levels. Nitrite and nitrate levels were assayed every 2-3 days, and the water was
completely changed if high levels were detected. The water was continuously oxygenated
by recirculation and kept at room temperature (20° ± 2°C).
Animals were acclimated to laboratory conditions for at least one week before
being used. Only uninjured, intermolt animals were used.
To assess oxyregulation in H. ensigera, the subjects were put into a 2.07 L
respirometry chamber constructed of glass with an acrylic lid and 0-ring (Fig. 2). A
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magnetic stirbar in a perforated cage circulated the chamber water and provided stirring
for the oxygen electrode. The chamber was surrounded by a water jacket connected to a
recirculating water bath which allowed for constant control of the temperature inside the
chamber (17° ± 1°C). The rate of oxygen consumption was assessed by a Clark-type
polarigraphic electrode (YSI model 5740) connected to a YSI oxygen meter model 57.
The YSI meter was connected by a Data Translation® DT2805 ND board to a PCcompatible computer running the program PROBES (Cowles et al., 1991) which
continuously recorded oxygen levels. The oxygen electrode was initially calibrated with
air-saturated seawater, then inserted near the magnetic stirrer in the respirometry chamber
(Fig. 2). Subject animals were weighed and sealed into the chamber, which was then
covered with a dark cloth to minimize disturbance of the animal. Large animals, which
rapidly depleted oxygen from the single respirometry chamber, were placed in a chamber
connected by a recirculating peristaltic pump to a second 2.07 L chamber, to double the
volume.
After a subject was placed in the chamber, it was allowed to acclimate in darkness
with aeration at least 10 hours before beginning the experiment. Oxygenated water was
circulated through ports in the lid. The chamber was sealed after the acclimation period.
The subject was then allowed to remain in the sealed chamber until it had depleted most
of the oxygen. In some cases the subject was left in the chamber after the partial pressure
of oxygen had reached zero to assess survivability in anoxia.
Subjects were allowed to recover for at least three days between trials. Subject
animals were not fed for three days before the experiment to eliminate the possibility of
residual specific dynamic effect.

\0

Figure 2. Respirometry setup. The solid lines indicate direction of water flow. a) YSI oxygen meter; b. air pump; c. tap to
recirculating water bath; d) perforated cage with stirbar; e) subject; f) YSI oxygen electrode; g) plastic tubing to and from respirometry
chamber (used during acclimation period); h) water jacket; I) tap from recirculating water bath; j) peristaltic pump; k) bubble chamber;
1) computer; m) AID board.
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For some trials oxygen was reduced quickly by bubbling nitrogen gas through the
water to assess survival in acute anoxic conditions. There was no acclimation for such
trials.
The individual trials were compared with one another by Analysis of Variance and
linear regression to assess whether there were any significant differences among the
experimental animals. In the absence of such differences the individual trials were all
grouped together and analyzed as a single data set.
Both linear and quadratic regressions were used to determine whether each
individual trial demonstrated oxyconformity or oxyregulation. In the quadratic
regression, trials were considered to indicate oxyregulation if the curvature of the line was
negative (van Winkle and Mangum, 1975). That is, the second-order term of the best fit
quadratic regression of the rate of aerobic metabolism (V0 2) as a function of oxygen
partial pressure (p0 2) was both negative and significant (van Winkle and Mangum, 1975).
Non-significant and/or positive terms were considered to represent oxyconformity.
For the linear regression, oxyconformity was indicated by a significant positive
slope of the line, while no significant slope or a negative slope indicated regulation. If
the quadratic regression identified a subject as oxyregulating then the linear regression of
the whole data set was not used since the indicated curvature of the graph would
influence the result. Instead the linear regression of metabolic rate data only for partial
pressures of oxygen greater than 30 mm Hg was used. Experiments that had conflicting
judgments from the quadratic and linear regressions were regarded as unknown patterns.
Another analysis of the data involved the use of a double reciprocal plot of the
means of V0 2 versus p02 for all the trials by animals. In this plot, the extreme data
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points were eliminated because of the assumption of anoxia being <4 mm Hg (for the
lower partial pressures) and the presence of only one data point for the higher partial
pressures of oxygen. A linear regression of the resulting graph was used to extrapolate
the values of the maximum respiration rate and the half-saturation values of the partial
pressures. This analysis was facilitated by the elimination of two data points
corresponding to high partial pressures of oxygen. Also the reciprocal plot is biased
toward the lower data points.
In a second set of experiments, the mantis shrimp were placed into an aquarium
containing artificial burrows of similar configuration and dimensions as reported for the
species in the field (Basch and Engle, 1989) (Fig. 3). The aquarium was 1.3 m square,
made of wood and lined with fiberglass. It was subdivided into four quadrants separated
by a porous barrier so that several mantis shrimp could be accommodated without
intraspecific fighting. No more than two mantis shrimp occupied the aquarium at any
given time. A few centimeters of sediment dredged from the natural habitat was used to
line the floor of the aquarium. This was overlain by about 15 cm of aerated seawater
which was maintained at about l 7°C, approximating ambient spring temperatures in the
natural habitat. Salinity was maintained at 34-3530.
Each quadrant contained a clear, acrylic burrow (Fig. 3). The burrow entrance
was 6.3 cm in diameter and lay flush with the sand surface. The artificial burrow
extended through the aquarium floor at a 60° angle from the horizontal for a distance of
35.6 cm, then turned horizontal and continued for another 75.5 cm to a dead end. To
facilitate data gathering the simulated burrow was divided by external reference marks
into three sections: Section 1, 35.6 cm long, was the angled portion proximal to the

.......
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Figure 3. Artificial burrow setup. a) YSI oxygen meter; b) computer; c) 0.5 L respirometry chamber; d) peristaltic pump; e) lightproof barrier; f) incandescent lamp; g) infrared lamps; h) plastic tubing to and away from burrow; I). subject; j) video camera; k)
aquarium with sediment; 1) perforated divider.
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entrance. A layer of sand was secured inside the lip of this section to aid the shrimp in
forming a sand-mucus cap. Sections 2 and 3, each 37.75 cm long, were the proximal and
distal halves of the horizontal part of the burrow, respectively (Fig. 3). Each section
contained two water taps from which water could be withdrawn or returned.
The artificial burrows were readily occupied by the shrimp, which quickly took up
permanent residence. The shrimp were fed by placing food at the entrance of the burrow
and uneaten food particles were removed within one day of feeding.
Light above the aquarium was controlled on a 14L: IOD cycle, and the aquarium
was enclosed by a light-tight barrier to eliminate extraneous light. The underside of the
aquarium, with the projecting burrows, was sealed in a light-tight cover and maintained in
continuous darkness. An infrared light source, at a wavelength beyond the sensitivity of
the mantis shrimp's eyes (Cronin et al., 1994), illuminated the burrows from below. An
infrared sensitive camera (Sony model JE20621R) was positioned to view the entire
burrow. The camera was connected to a monitor and time-lapse VCR in the laboratory.
Time-lapse recording of mantis shrimp activity was condensed 12-fold.
Oxygen concentrations in the burrows were measured by extracting water from
the taps using a peristaltic pump. Plastic tubing led from the light-proof burrow to a
small respirometry chamber (0.5 L) into which an oxygen probe was inserted. A setup
similar to that used in the first type of experiments allowed the recording of oxygen levels
(Fig. 3). The water was extracted and replaced into the same region in the burrow by the
peristaltic pump to avoid disturbing the oxygen levels in the burrow. The p02 levels of
the burrows were continuously recorded.
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In some trials the burrows were artificially capped with a plastic plug to assess the
rate of oxygen depletion by the animal in a capped burrow. Control levels of oxygen in
uninhabited burrows were also measured.

RESULTS

Statistical analyses of the data from the 5 animals for which experimental results
were obtained indicated that H. ensigera is usually an oxyconformer, but sometimes a
weak regulator (Table 1). Quadratic regressions identified oxyconformity in 21
experiments, and suggested regulation in 9 (Fig. 4a and 4b, respectively). All animals
with the exception of one, for which only one set of data was collected, showed
oxyconformity in the majority of trials in which they were tested. Linear regressions
indicated oxyconformity in 24 experiments and oxyregulation in 5, and 1 was not
determined. The consensus of the two methods indicated that of the 30 experiments,
19 demonstrated oxyconformity, 3 oxyregulation, and 8 were not determined (Fig. 4 and
Table 1.)

Table 1. Regulation of Aerobic metabolism in Hemisquilla ensigera, as determined by
quadratic and linear regressions.

Method
Quadratic regression
Linear regression of whole data set
Linear regression >30 mm Hg
Consensus

# Conformers

# Re2ulators

21

9

20

1

4

4

19

3

#Undetermined
0
0
1
8

My above conclusion, based on individual experiments, is supported by the mean
rates from all experiments (Fig. 5). The mean metabolic rate over the fairly high p02

17
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Figure 4. Some typical examples of oxyregulatory and oxyconforming patterns observed
for H. ensigera during respirometry experiments. A. An experiment showing
oxyconformity. The best-fit linear regression (shown) is y = 0.07554 + 0.02174x; R 2=
0.88. This type of pattern was by far the most common. B. An experiment showing
apparent oxyregulation. The best-fit linear regression (shown) is y = 1.05315 - 0 .0064x;
R 2 =0.40. C. An experiment with conflicting indications of oxyconformity and
oxyregulation due to unexplained noise in the data. Best-fit regression (shown) is y =
0.23885 + 0.00064x; R2 = 0.03.
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Figure 5. Rate of aerobic metabolism as a function of oxygen pressure
(for the total data set). Standard error bars shown. The best-fit linear
regression (shown) is y = 0.56676 + 0.00826x, R2 = 0.54.
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range of 90-100 mm Hg was 1.574 µmol 0 2 g- 1h- 1, (±0.205 standard error (s.e.)). The
mean rate had dropped to 0.971 µmol 0 2 g- 1h- 1 (±0.053 s.e.) by the lower partial pressure
of between 20-30 mm Hg,
There was no significant difference among trials with or without acclimation, or
between subject, therefore the data were analyzed as one group. Replicate trials per
subject ranged from 1-9, with the maximum number of trials from any one animal
constituting no more than 30% of the total number of trials.
The analysis of the double reciprocal plot of the rectangular hyperbola of the data in
Fig. 5, reminiscent of a saturation isotherm, assumes some type of regulation. Linear
regression of the double reciprocal plot yielded a straight line (R2 =0.97) (Fig. 6) with
extrapolated y and x intercepts of 0.533 and -0.039, which correspond to the reciprocal of
the maximum V0 2 and the negative reciprocal of the half-saturating p02 (l<o. 5),
respectively. These values are 1.876 and -25.86 for the maximum V0 2 and Ko.s
respectively.
In contrast to the species' poor oxyregulating ability, subjects were able to survive
long periods of anoxia. The longest time recorded for surviving anoxia in the
respirometry chamber (defined for purposes of this experiment as <4 mm Hg 0 2) without
any visible deleterious effects, was 53 hours. Subjects not only survived long anoxic
periods, but also became very active upon opening the chamber at the end of the
experiment with no adverse effects on viability. Average time the subjects required to
lower oxygen in the respirometry chamber from 60 to 4 mm Hg was 4.5 hours. In
artificial burrows, the average oxygen level in an uncapped burrow was
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45.3 mm Hg (s.d.

=± 23), or only about 28% of air saturation values.

In some trials the

p02 dropped to as low as 6 mm Hg (i.e. 4% of air saturation). For an oxyconformer such
as H. ensigera, such low oxygen levels in the burrow should sharply limit aerobic
metabolism, yet the video recordings revealed that the animals remained active within the
burrow regardless of oxygen levels. Typical activities included swimming back and forth
in the burrow, grooming and 'housekeeping', or redistribution of the sand on the burrow
floor. In capped burrows oxygen was depleted (to 4 mm Hg or less) within three hours,
yet subjective examination of the video recordings reveal no detectable decrease in
physical activity during anaerobic conditions.

DISCUSSION

The strong prevalence of oxyconformity in H. ensigera, with only a few instances of
oxyregulation, was unexpected. Oxyregulation has been strongly associated with the
burrow-dwelling lifestyle in other crustacean studies, as well as in crustaceans otherwise
exposed to low partial pressure of oxygen. For example, Innes ( 1985) found that

Heterosquilla tricarinata, another burrowing stomatopod, was better able to maintain
constant metabolic rate down to a low critical partial pressure of oxygen than were other
similarly active crustaceans which lived in well oxygenated areas. The burrowing
thalassinids Callianassa spp. and Upogebia pugettensis have also been shown to be very
competent oxyregulators, able to maintain a constant rate of metabolism and oxygen
uptake down to 10-20 mm Hg (Thompson and Pritchard, 1969; Felder, 1979). Other
burrowing aquatic crustaceans such as the fiddler crab Uca, which has also been
extensively studied, are usually oxyregulators, though they sometimes regulate poorly or
conform (Teal and Carey, 1967). Carcinus maenas, which periodically encounters low
oxygen conditions, regulates better than does Pachygrapsus crassipes, which inhabits
well oxygenated environments (Burke, 1979). Strong regulating ability is generally
associated with unpredictable environmental oxygen level and the need to maintain high
activity levels (Hervant et al., 1996).
The quadratic and linear regression techniques I used were complimentary to one
another in distinguishing between oxyconformity and oxyregulation. van Winkle and
Mangum (1975) examined the power of a variety of types of regressions for making this
distinction, and concluded that the second-order term of the quadratic regression was the
24
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most powerful single distinguishing parameter. This second-order term is the one that
describes the curvature of the line - whether it starts out level and then curves down
toward zero as in an oxyregulator or angles downward without a curve, as in a conformer
(Fig. 4a). However the strength of this term is strongly dependent upon whether data for
the entire range of oxygen concentrations is obtained. If enough data for the low end are
not obtained the quadratic equation may not detect any curvature. That was the case in
many of the earlier experiments in this paper, for example, in which I stopped the
experiments before letting them run completely to zero in order to avoid possible
physiological damage to the subjects in anaerobic conditions. For such experiments other
techniques, such as linear regressions were used. The logic behind the linear regression is
that if metabolic rate decreases with oxygen pressure, as occurs in conformity, the slope
of the linear regression of metabolic rate as a function of p02 will be positive. If it does
not decrease, as occurs in regulation above the critical pressure, the slope will not be
positive. Below the critical pressure, however, the slope will be positive as in
oxyconformity. In these experiments, then, I used the quadratic regression on all data.
On data for which the quadratic equation indicated no regulation I used a linear regression
on all the data. On those experiments for which the quadratic equation indicated
regulation, however, I used the linear regression only on data over 30 mm Hg in order to
avoid values below the critical pressure. The combination of those two regression
techniques gave me a more reliable distinction between oxyregulation and oxyconformity
than either technique could have accomplished alone. Experiments that had conflicting
judgments from the quadratic and linear regressions were regarded as unknown patterns.
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Cassista ( 1995) has also reported oxyconformity in H. ensigera but his results are
open to alternative interpretations due to the techniques that he used. In his experiments,
Cassista (1995) used only short acclimation periods before beginning the experiments. If
the animals were excited and consequently had high metabolic rates after the disturbance
of being transferred to the respirometry chamber their initially elevated metabolic rate
could produce a metabolic pattern similar to oxyconformity. The fact that in my set of
experiments H. ensigera still oxyconformed, even after having remained undisturbed in
the chamber for at least 10 hours, confirms that oxyconformity is indeed the metabolic
response of this species to declining oxygen.
As an oxyconforrner, the possibilities for aerobic metabolism would be severely
limited in hypoxic conditions, which H. ensigera clearly encounters. The average oxygen
concentration in the uncapped, artificial burrow was only one-fourth that generally
available in air (45 mm Hg) and ranged to as low as 6 mm Hg. It is likely that the partial
pressure of oxygen in actual burrows may average even lower than that measured in the
laboratory, due to the consumption of oxygen by sediment microbes and the reaction of
oxygen with biogenic sulfides from the sediment (Hervant, et al., 1996). Lutz et al.,
( 1992) have suggested that sediments generally become anoxic 5 mm below the
sediment-water interface. H. ensigera constructs its burrows in a sediment type that is
not as fine as that of Callianassa, and so oxygen depletion is not likely to be as severe.
Nevertheless sediment from H. ensigera's habitat is darkened a short distance below the
surface, indicating oxygen depletion. Further, when the sediment was brought into the
laboratory tanks, it substantially increased the rate of nitrate accumulation in the water,
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suggesting microbial activity. The sediment around in situ H. ensigera burrows is thus
likely to act as an additional substantial oxygen sink.
The fact that the species caps the burrow for extended periods, as reported by Basch
and Engle (1989) and Cassista (1995), means that p02 in the burrow would rapidly
decrease to zero. The time to deplete oxygen in the simulated capped burrow in my
experiments was only about 3 hours. This suggests that when H. ensigera caps its burrow
in the field, the animal's burrow becomes anoxic within 3 hours or even sooner because
of microbial oxygen consumption, and oxygen would not be restored until hours later
when the burrow resident uncaps the burrows.
Given the low anaerobic tolerance of crustaceans generally, one would expect that
adaptations to avoid oxygen limitation in the burrow would be employed. These adaptive
strategies could include maximizing the efficiency of oxygen uptake and minimizing the
rate of oxygen depletion around the animal. Oxyregulation enables an organism to be
proficient at extracting oxygen from the environment over a wide range of oxygen
concentrations. After a critical low oxygen pressure is reached, then metabolism becomes
dependent on external oxygen concentration.
For oxyregulators, the rate of oxygen consumption is maintained under decreased p02
by increasing the ventilation rate and/or increasing the efficiency with which oxygen is
removed from the water (Gade, 1983). Gnathophausia ingens, for example, maintains its
ability to extract oxygen from the water at low p02 by maintaining a high rate of gill
ventilation, by minimizing the diffusion distance across the gill integument, by
maintaining a high rate of blood flow, and by use of a hemocyanin with a high affinity for
oxygen (Belman and Childress, 1976). Several behavioral mechanisms also are available
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by which burrow dwellers can avoid oxygen depletion within the burrow. The ghost
shrimp Callianassa californiensis and mud shrimp Upogebia pugettensis, for example,
ventilate their burrows and effect exchange with water overlaying the sediment by the
continuous beating of their pleopods (Zehe, 1991). Therefore these animals may usually
experience only low oxygen and not anoxia, because of ventilation. Even at low tide,
moderate aerobic metabolism is possible because of burrow ventilation (Zehe, 1991 ).
These species also orient their bodies within the burrow to maximize the effective inflow
of oxygenated water, and often remain near the burrow entrance where the water is more
oxygenated (Farley and Case, 1968; Gamble, 1970; Torres et al., 1977; Felder, 1979;
Zehe, 1991; Forster and Graf, 1995). Callianassa subterranea also constructs burrows
with multiple entrances which greatly facilitate bulk water flow through the burrow
(Forster and Graf, 1995).
Some crustaceans decrease the rate of oxygen depletion by becoming quiescent.
Inactivity can significantly lower the metabolic rate and after several hours of severe
hypoxia certain animals cease all physical activity (Hervant et al., 1996).
Of all these potential methods to maintain burrow oxidation and aerobic metabolism
H. ensigera does not make obvious usage of any of them. It clearly is not an effective

oxyregulator as are G. ingens, Callianassa and Upogebia; nor does it remain near the
burrow entrance or appear to make any attempt to ventilate the burrow as do Callianassa
and Upogebia. It does not even become quiescent when oxygen tension becomes low,
but maintains a moderate level of activity for hours within a capped burrow. In this last
respect, at least, its response is similar to that of Callianassa which have been shown to
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remain active in anoxic conditions until a few hours before death (Thompson and
Pritchard, 1969).
Using the alternative model of weak oxyregulation for H. ensigera we analyzed the
data to obtain the values of partial pressures for which the species regulates and the
critical point at which its metabolic rate becomes dependent on the environmental oxygen
level. These values showed that the p02 that produces half-maximum 0 2 uptake i.e.

Ko.s

was about 25 mm Hg. This value was a little lower than that of Callianassa.
In sharp contrast to H. ensigera's poor oxyregulatory abilities, its anaerobic capacity
is quite high, though not unique, for a crustacean (Table 2). Crustaceans which encounter
low oxygen conditions in their environment seem, in general, to be more able to survive
anoxic conditions than are crustaceans in general (De Zwaan and Putzer, 1985; Zebe,
1991). Different species of Callianassa, for example, have been reported to survive
anywhere from 48 hours to 5 days in anoxia, while anoxic survival times of Upogebia
and other burrow-dwelling species has ranged from 19.7 hours to 5 days (Table 2). A few
extreme examples of survival in anoxia have been reported, such as 18 months to 4 years
in Artemia eggs and embryos (Clegg, 1992, 1993, 1996), though this must clearly
represent suspension of normal biological activity. The survival in anoxia of at least 52
hours by H. ensigera in these experiments, then, places Hemisquilla within the ranks of
the crustaceans most resistant to anoxia. Actual survival time may be much longer than
this, because H. ensigera was still active and vigorous by 52 hours and showed no sign of
incipient collapse.
The mechanisms by which H. ensigera survives long periods of anoxia need to be
investigated further. There are several possible mechanisms. Although the alternative

Table 2. Extreme survival times in anoxia for aquatic crustaceans.
SPECIES
Callianassa califomiensis
Callianassa califomiensis
Callianassa jamaicense
Callianassa jamaicense
Upogebia pugettensis
amphipod Corophium arenarium
amphipod Corophium volutator
Hypogean amphipod Niphargus virei
Epigean Isopod Asellus aquaticus
Ca rein us
Orconectes limosus
Cirolana borealis
embryos of Artemia franciscana
brine shrimp Artemia franciscana
Hemisquilla ensigera

SURVIVAL TIME IN ANOXIA
2 days
3-5 days
3 days
3.2- 5 days
3-5 days
2days
2 days
2days
.8 days
2 days
.8 days
3-5days
4 years
18 months
>2.2 days

REFERENCE(S)
Zehe, 1982; Thompson & Pritchard, 1969
Thompson and Prichard, 1969
Zebe, 1982; Thompson & Pritchard, 1969
Felder, 1979
Thompson and Prichard, 1969
Zebe, 1991
Zebe, 1991
Hervant et al., 1996
Hervant et al., 1996
Vernberg, 1981; Hill et al., 1991
Gade, 1983
deZwaan and Skjoldal, 1979
Clegg, 1996
Clegg, 1992
this study
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anaerobic pathways found in mollusks and some other phyla have so far not been
identified in crustacea, several recent papers have suggested that such pathways may
exist, at least in part. The reduction of lactate buildup in Callianassa and the discovery of
other byproducts of anaerobic metabolism has lent credence to the possibility of another
pathway in this species (Pritchard and Eddy, 1979). Hervant et al., (1996) have also
proposed that another pathway may be utilized in amphipods and isopods because of the
buildup of end products other than lactate. Alternatively, H. ensigera may simply have
substantial buffering capacity in the blood to counteract the deleterious effects of lactic
acid buildup.
To identify the mechanism used for anaerobic survival by these mantis shrimp,
analysis of the body composition or the substrate/fuel levels should be made after
anaerobiosis. Also the rate of accumulation of end products such as lactic acid needs to
be quantified. Tests for enzyme activities, particularly LDH should be made on
hemolymph and other tissues. The buffering capacity of the hemolymph should also be
determined.
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